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Abstract. Of the first two relativistic world models, only the one by de Sitter pre- 
dicted redshifted spectra from far away astronomical objects. Slipher's redshifts there- 
fore seemed to arbitrate against Einstein's model which made no such predictions. Both 
models were trying to describe a static universe. However, Lemaitre found that de Sit- 
ter's construct resulted in a spatially inhomogeneous universe. He then opted for a 
model that corresponded to Einstein's closed, curved universe but allowed the radius 
of curvature to change with time. Slipher's redshifts suggested to him that the uni- 
verse is dynamic and expanding. We also discuss the respective merits of Friedman and 
Lemaitre in revealing the dynamic nature of the universe. 



1. Introduction 

Although our conference "Origins of the Expanding Universe: 1912-1932" is focused 
on the contribution of Vesto Slipher, I shall also discuss the contributions of two the- 
oreticians associated with the discovery of the expanding universe: George Lemaitre, 
the discoverer of the expanding universe and Alexander Friedman, who was the first to 
present mathematical solutions for a dynamical universe. 

When Einstein and de Sitter published their cosmological models in 1917, the 
bulk of their discussion was purely theoretical. It was only as a kind of afterthought 
that de Sitter mentioned a possible link between theory and astronomical observations: 
Slipher's wavelength shifts observed in spiral nebulae. I shall therefore first show how 
Slipher's redshifts seemed to arbitrate in favor of de Sitter's apparent static and empty 
universe. Later they convinced Lemaitre that we live in an expanding universe. Einstein 
as well as de Sitter looked for a static universe that would remain the same forever. 
In 1922, Friedman demonstrated the mathematical possibility of a dynamic universe 
within the concept of general relativity; however his findings attracted no attention. 
In 1927, Lemaitre, who was not aware of Friedman's work, also found dynamic solu- 
tions. Combining his model with Slipher's observations, he suggested that we live in 
an expanding universe. 



2. The evolution in Slipher's attitude towards the line shifts 

Slipher's crucial nebular observations began at a time when the nature of the nebulae 
was still an unsolved question. His opinion evolved from viewing these fuzzy objects as 
related to planetary nebulae, to being struck by their large wavelength shifts, and then, 
after further observation and reflection, he took his stand on the side of the "island 
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universe" facti on. The evolution i n his thinkin g can be seen in his publications from 
1912 to 1917 (Sliphed ll9llll913l.ll915l.[T9T7h . 

In 1912, Slipher published a note "On the spectrum of the nebula in the Pleiades" 
(ISliphedll912h . After a careful discussion of his December 1912 observations he con- 
cluded: "... that the Andromeda Nebula and similar spiral nebulae might consist of a 
central star enveloped and beclouded by fragmentary and disintegrated matter which 
shines by light supplied by the central sun." However, one year later, when analysing 
his September 1912 observations, he was struck by the large wavelength shift of An- 
dromeda. He had changed his optical arrangements and had taken a set of spectra with 
high resolution, and discovered "... that the nebular l ines were perceptibly displaced 
with reference to the comparison lines" (Sliphed ll913h . He then concluded: ''That the 
velocity of the first spiral observed should be so high intimates that the spirals as a 
class have higher velocities than do the stars and that it might not be fruitless to ob- 
serve some of the more promising spirals for proper motion. Thus the extension of the 
work to other objects promises results of fundamental importance, but the faintness of 
the spectra makes the work heavy and the accumulation of results slow." In 1915 he 
published a progress report where he listed 15 nebulae: 3 of them with "small" red- 
shifts, 1 with no indication, 2 with negative velocities, and 9 with positive velocities 
(ISlipherlll915h . He then mentioned the "Campbell-Kapteyn discovery of the increase 
in stellar velocity with 'advance' in stellar spectral type." That hypothesis claimed that 
the stars at birth have no motion, but gradually acquire it in passing through their fur- 
ther development. Slipher remarked that the great nebular velocities would place them 
a long way along the evolution; however, he did not dwell on this interpretation. Then, 
in April 1917 he published spectrograms of 25 nebulae, 4 of them with negative and 
21 with positive velocities (Slipher 1917). Slipher now becomes more outspoken about 
his idea on the nature of spiral nebulae: "It has for a long time been suggested that the 
spiral nebulae are stellar systems seen at great distances. This is the so-called "island 
universe " theory, which regards our stellar system and the Milky Way as a great spiral 
nebula which we see from within. This theory, it seems to me, gains favor in the present 
observations" . 

Thus, before the "Great Debate" of Curtis and Shapley in 1920, and before 1922, 
when Opik placed Andromeda at a distance of 450,000 pc, and before 1925, when 
Hubble definitely cut the Gordian knot by resolving Cepheid variable stars in NGC 
6822, M33 and M3 1 , Slipher was convinced of the island universe hypothesis, because 
the spirals, as a class, showed very high wavelength shifts, most of them redshifts, 
which distinguished them clearly from all other astronomical objects. 



3. The beginning of modern cosmology 



3.1. Einstein and de Sitter 



In 1917, Einste in opened a ne w chapter in cosmology by publishing his static model 
of the universe (lEinsteinlll917h . It was generally assumed among the theoreticians that 
the universe did not vary in time, and common sense demanded from any cosmological 
model that the universe remain static. To comply with this condition Einstein added 
the famous cosmological term. A, to his fundamental equations (I follow the modern 
notation of a capital A, whereas in those years it was written as A): 
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Gij - Agij = -K(Tij - ^gijT); /, 7 = 1 , 2, 3, 4. (1) 

We can attribute the first three indices to the spatial world, and the fourth to time. 
For symmetry reasons the set of equations reduces to 10, however, only six equations 
are independent. The solution of these equations is the metric tensor gjj which describes 
the geometrical structure of the universe. Assuming also a homogeneous distribution of 
matter, Einstein derived a model of the universe that was static and its spatial part is of 
closed curvature. His 3-dimensional spatial world can be projected onto a circle. This 
circle maintains its radius, the radius of the universe, for all past and future times. Thus, 
if the dimension of time is added to the projection, the model becomes cylindrical; this 
is called Einstein's cylindrical world. 

A few months after Einstein's publication, the Dutch astrophy sicist Willem d e 
Sitter also derived a cosmic model from Einstein's field equations dde Sitterlll917 ). 



However, he made a further, drastic simplification by assuming a universe empty of 
matter. Thus his universe was represented by the equation 

Gij- Agij = 0, (2) 

where the energy term on the right hand side has been set to zero. 

When describing physical events one is, within certain limits, free in the choice of 
the coordinate system. For the Une element in his 4-dimensional space-time de Sitter 
chose the form 

ds^ = {-dx^ - ^rn^X (dO^ + sin^ Odcp^) + cos^ xdt^) , (3) 

where ;\f = r/R; r is the distance from the observer, R is the radius of curvature. Or, for 
the propagation of light we have ds = 0, and accordingly for constant 6 and (p 

dt = sec xdx, where sec X - 1/ cos^. (4) 

Time runs slower when r increases. Since the interval dt between two points in time in- 
creases when r increases, the frequency decreases and the wavelength increases. How- 
ever, it was later shown that the model contained a flaw, as shown below. 

Einstein did not offer any astronomical observations to verify his model. However, 
de Sitter, at the end of his very theoretical treatise, pointed to its observational implica- 
tions: ". . . we have §44 = cos^x- Consequently the frequency of light-vibrations dimin- 
ishes with increasing distance from the origin of coordinates. The lines in the spectra 
of very distant stars or nebulae must therefore be systematically displaced towards the 
red, giving rise to a spurious positive radial velocity!' He further added: ''Recently 
a number of radial velocities of these nebulae have been determined!' He referred to 
a Report to the Council of the RAS in 1917, where Eddington refers to Slipher's first 
determination of the radial veloci ty of a spiral neb ula and to other investigators who 
confirmed Slipher's observations ( teddingtonlllQl?!) . De Sitter then mentioned wave- 



length shifts of three nebulae - M31, NGC 1068, NGC 4594 - and thought that they 
might strengthen his model's claim to validity. From their mean recession velocity of 
600 km s~' and an assumed mean distance of 100 kpc (today's accepted distance to 
M31 is w 800 kpc) he arrived at a radius of curvature of his universe of /? = 3 x 10^' as- 
tronomical units, or 1.5 Mpc. But then he added that this result, derived from only three 
nebulae, had practically no value. However, should further observations confirm that 
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the spiral nebulae had systematically positive radial velocities, this would be a strong 
indication that his model was correct. 

De Sitter's paper did not stir up great observational activity, but, as shown by 
Nussbaumer & Bieiril (12009 ). his empty space initiated much discussion among the the- 



oreticians, in particular Einstein, de Sitter, Klein, Lanczos and Weyl. 
3.2. Eddington's book of 1923 

The publication of the book The Mathematical Theory of Relat ivity (Eddington|[l923h 
set the observers in motion, as can be seen from the example of IWirtzH 1924h . Chapter 
70 carries the title "Properties of de Sitter's spherical world" and contains the cos- 
mologically essential points of de Sitters's theoretical model. It also features a table 
with 41 radial velocities of spiral nebulae, measured by Slipher up to February 1922. 
Eddington mentions that Slipher had prepared that table for him, inserting many unpub- 
lished results. He also adds some thoughts about the physical meaning of de Sitter's 
empty universe: Is it really empty, or has all the matter simply been swept into a ring of 
peripheral matter necessary in order to distend the empty region within? He offers no 
answer. He dwells on the slowing down of time in objects of increasing cosmological 
distances, such that their spectral lines would appear displaced towards the red. The 
formula turns out to be 

AA 1 / r \2 

where r is the distance to the object and R is the radius of curvature of the universe. 
Already in 1924 Eddington's book had its second edition, and in 1925 it was translated 
into German. It became a standard textbook. In the book, Eddington also raised the 
possibility of a redshift contribution from the cosmological constant. A, because it acts 
as an accelerating force and pushes test particles away from the observer. 

Thus, by the middle of the 1920s, Slipher's wavelength-shifts signaled either mo- 
tion in a conventional world, or a change in our concept of time in the sense of de 
Sitter's universe: the redshifts had important philosophical implications. 



4. The observers preoccupation with de Sitter 
4.1. Wirtz tries to verify de Sitter 

In 1922, Wirtz drew attention to the availability of radial motions of 29 spiral nebulae 



that seemed to indicate a general dispersal away from us (IWirtzlll922h . He thought that 
they might hold a key to the structure of the universe. He gave a list of 29 NGC objects 
with their radial velocities, collected from different sources, which he did not identify. 
For the velocities he found an approximate linearity in the sense that the closer nebulae 
approach us, whereas the more distant ones tend to recede. A global look at the data 
suggested to him a general expansion of the system of spiral nebulae, and he remarks 
that no such tendency is seen in globular clusters. However, Wirtz did not refer to any 
theoretical model at this point. 

Following the publication of Eddington's book in 1923, Wirtz respo nded w ith the 
article "De Sitter's cosmology and the radial motion of spiral nebulae" (IWirtz| [l924). 
Redshifts had now become a fundamental issue in cosmology. In the paper, Wirtz gave 
his view of the cosmic models of Einstein and de Sitter; Einstein's model contained a 
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maximum amount of matter, whereas in de Sitter's model all the mass had been pushed 
to an unobservable mass horizon, where the mass was needed to maintain emptiness in 
the interior. He repeats all the essential features of de Sitter's model and stresses that in 
de Sitter's universe things happen relative to the origin of a coordinate system, but that 
every point in the universe can be the origin of that coordinate system. 

Time runs differently, depending on the distance from the origin of the coordinate 
system, which is identified with the observer. The slowing down of time can be seen 
by the observer as a redshift in the spectral lines. Can this feature serve to verify de 
Sitter's theory? Redshifts are known, but the distances to spiral nebulae are not known 
at this point. However, if it is assumed that all spiral nebulae are basically the same, 
then their apparent diameters are a measure for their distance. In de Sitter's cosmology, 
radial velocities should increase with decreasing apparent diameter. He then looked for 
apparent di ameter s of th e objects for which Slipher had given redshifts. He cites as 
his sources Ici^tisl (11918 ) and Pease (Mt. Wilson Contributions 1919, 1920)0 From the 



text it is clear that he played around with data in different ways, but the essential result 
is a list where he groups the 42 nebulae into 6 groups with n members according to 
increasing apparent diameter (Dm= photographic apparent diameter, measured along 
the major axis in arc minutes): 



Log Dm 


V [km s ' ] 


n 


0.24 


+827 


9 


0.43 


+656 


7 


0.66 


+512 


8 


0.88 


+555 


10 


1.07 


+334 


5 


1.71 


-20 


3 



Of course, he was aware that a small apparent diameter may be due to a smaller 
than average nebula and not to a large distance. He tried to take that effect into account 
and found the logarithmic relationship v (km s"') = 2200 - 1200 • log{Dm) 

"There remains no doubt" , Wirtz wrote, ''that the positive radial velocity in- 
creases considerably with increasing distance" . However, it was later found that his 
logarithmic dependence underestimated the gradient. As pointed out by Appenzeller, 
the Shpher redshifts were not a statistically representative sample. Only with dif- 
ficulty could nebul ae with small apparent diameter and large redshifts be observed 
([Appenzeller 2009). However, Wirtz was satisfied to have shown the systematic in- 
crease of the nebular- redshifts with distance, apparently confirming de Sitter's world 
model. There is a lesson for us all here: when observation matches the predictions of a 
theoretical model, this does not constitute proof that the model is correct. 

4.2. Silberstein, Lundmark and Stromberg 

In the same year, Ludvrk Silberstein and Knut Lundmark also investigated the relevance 
of Slipher's data for de Sitter's model (ISilbersteinlll924l: Eundmarkill924l) PI Whereas 



Wirtz intended to find out whether de Sitter's model was compatible with observations. 



'See |PeasgfT920l) 

"On the same subject Silberstein also published several letters to Nature. 
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Silberstein trusted the model and wanted to derive a numerical value for R, the radius 
of the universe. From de Sitter's work he derived his own formula for cosmological 
redshifts: 

dA r 

— = ±— (6) 

Silberstein thus had a form ula which also wo rked for negative velocities. It was 
severely criticized by Eddington ( Eddingtonlll924) . but Silberstein applied the formula 
to the study of globular clusters, 0-stars and other objects, arriving at a value of 6 x 10^^ 
astronomical units for R in 1924. Today w e know that these attempts had to fail^ 

Inspired by Silberstein's publications. iLundmarkI (Il924b published the comprehen- 
sive study "The Determination of the Curvature of Space-Time in de Sitter's World". 
In this paper, he stated that his work was based on "the wonderful spectrographic work 
performed at the Lowell Observatory by Dr V.M. Slipher." After having severely crit- 
icized Silberstein for the arbitrary choice of his object when deriving R, he showed 
that neither globular clusters nor stars are much good for determining the curvature 
of spacetime, because they are simply too close, he then moved on to spiral nebulae. 
Like Wirtz before him, he assumed all spirals to have the same physical characteristics, 
such that their apparent angular diameters and magnitudes depended only on distance. 
Expressing distance in units of the distance to Andromeda, he published the diagram 
shown in Figure [T] - This is the first example of what was later termed a "Hubble 
diagram". 




200 Distances af 
Andr. [Veb. 



ilt>, s- — Kel^tion between the relative distancea (the unit ia the cliataiice of the 
AndroDieila nebula) and the miSASUiBd radial Telocities of spiral nebulae. 

Figure 1 . Velocity-distance relation published in iLundmarS (1 19241) 



^ Silberstein's negative sign was also discussed and criticized bv lLemaftr3 ( Il925al) . 
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In contrast to Silberstein, Lundmark doesn't believe to have found a reliable value 
for R but concludes: ''we find that there may be a relation between the two quantities, 
although not a definite one." Actually, when reading Lundmark one gets the impres- 
sion that he does not doubt de Sitter's model, but that he wonders whether the observed 
nebular motions are not simply due to normal Doppler shifts. These doubts are un- 
derstandable considering the great uncertainties in nebular distances at the time For 
exam ple, Ernst Opik estimated the distance to Andromeda as 450 kiloparsec (lOpik 



Il922h . while Lundmark gave a value of 200 kiloparsec, based on the assumption that 
the absolute magnitude of Novae at maximum brightness in the mean is the same for 
Novae in the Milky Way and in Andromeda (they were not yet aware of supemovae), 
and Silberstein quoted even much smaller numbers. These doubts were only dispelled 
with Hubble's famous paper rea d on January 1, 1925 at the American Astronomical 



Society meeting in Washington (lHubblelll925l) . Hubble's distances were obtained us 



ing Cepheid variable stars as standard candles. Although his result for Andromeda was 
much less accurate than Opik's, it was based on a method that provided the possibility 
for deriving a consistent set of data for a large number of nebulae. 

A further study, "Analysis of radial velocities of globular clusters and non-galactic 
nebula e", came in 1925 from Gustaf Stromberg, an observer at the Mt Wilson Obser- 
vatory ( Stromberglll925 '). The motive for Stromberg's study was twofold; to determine 



the solar motion and to determine the curvature of space-time. Stromberg stressed the 
difficulty of determining radial velocities, but added: ". . . through the perseverance of 
Professor V.M. Slipher, a fairly large number of such velocities has been derived." He 
inserted a table with radial velocities of globular clusters and non-galactic nebulae, most 
of them from Slipher. Note that this table was used by Lemaitre in 19270 to derive what 
today is called the "Hubble constant." 

Comparing observation to theory, Stromberg reached a similar conclusion to Lund- 
mark; "/« conclusion we may say that we have found no sufficient reason to believe that 
there exists any dependence of radial motion upon distance from the sun." 

E dwin Hubble w as the last to attempt to connect his observations with de Sitter's 
theory ('Hubble" 1929^. Hubble had probably learnt on his visit to the 1928 lAU General 
Assembly in Leiden that his ongoing work on the solar motion might be of relevance to 
theoreticians. He now did what Wirtz, Lundmark and Stromberg had tried to do before 
him: to find a relationship between wavelength shift and distance for the extra-galactic 
nebulae. Plotting distances determined by himself against the velocities measured by 
Slipher, he concluded: "The results establish a roughly linear relation between veloci- 
ties and distances among nebulae for which velocities have been previously published, 

This was the famous relationship v - H -r ,v - velocity derived from the redshift, 
r - distance of the nebula, H - factor of proportionality, later called the "Hubble 
constant." From Slipher's redshifts and his own distances Hubble calculated H - 500 
(km s~' Mpc~^). Hubble did not know that already two years previously the relationship 



V = H ■ r had been theoretically derived by iLemaitrel (119271) . who at the same time had 



also calculated H, with practically the same result as was in 1929 found by Hubble; this 
will be discussed later. 

Hubble's 1929 publication greatly impressed de Sitter. He immediately realized its 
importance for advancing the discussion of an appropriate cosmological model. He an- 



lLemaitrel ( fT927h 
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alyzed the available observations and discussed them at a Royal Astronomical Society 
meeting on 10 Januar y 1930, w here Eddington was present, the discussion is described 
in The Observatory ( de Sitter! [r930 a). Between this meeting and the publication of 



his own findi ngs, which agye ed with Hubble's results, de Sitter learnt about the model 
of Lemaitre {de Sitteij |l930b ) and he and Eddington immediately accepted Lemaitre's 
expanding universejj 

From 1930 onwards, Hubble and Milton Humason continued Slipher's pioneering 
work of redshift observations. They had at their disposition the most powerful telescope 
in the world, the Hooker 100-inch on Mount Wilson. 

4.3. Lemaitre enters the game 

In 1925, Lemaitre looked in depth at de Sitter's theoretical construct and spotted its 
weak point: de Sitter's solution of the fundamental equations in the absence of matter 
introduces a spurious inhomogeneity which is not simply the mathematical appearance 
of a center at the ori gin of co ordinates, but really attributes distinct absolute properties 



to particular points (Lemaitre. 1925b . a). Although there is great freedom in the choice 



of the coordinate system to describe a physical event, this coordinate system must not 
by itself change the intrinsic structure of what is described. Yet, de Sitter's universe 
is guilty of exactly that misdeed. His line element ds = sec{r/R) ■ dt implies that 
time is running differently for different values of r. But this violates one of the basic 
assumptions of cosmology. De Sitter had chosen a coordinate system that changed the 
structure of the physical model. But a coordinate system must not do that; it is there to 
describe and not to influence the world. Hence de Sitter's choice of coordinate system 
needed to be revised. 

In 1925 Lemaitre introduced a homogeneous division of space and time and wrote 
it in the form 

ds'^ = R^[dt^ - fit) ■ R3], (7) 

where R3 stands for the 3-dimensional Euclidean space. Thus, for a given time t there 
is a homogeneous spatial part R3, which, however, with Lemaitre becomes a function 
of time. 

In Lemaitre's coordinate system the radius of space is the same for any position 
r, but it changes with time t. Lemaitre saw the implication for cosmology: "the ra- 
dius of space is constant at any place, but is variable with time," and a bit further on: 
''Our treatment evidences this non-statical character of de Sitter's world which gives a 
possible interpretation of the mean receding motion of spiral nebulae T 

Lemaitre was not the only one to spot the fallacy in de Sitter's formalism. In 1922, 
Kornel Lanczos wrote down a formal solution of a spatially closed dyn amical universe , 
just as Friedman had done before and Lemaitre would do in 1927 (* Lanczoslll922 ). 



However, unlike Friedman and Lemaitre, Lanczos did not grasp the physical signifi- 
cance and he did not consider a non-stationary universe. The concept of a static world 
was deep-rooted. Yet Lanczos' critique of de Sitter's model was certainly appreciated 
by Lemaitre who refers to it in a footnote in his 1927 paper. 

In 1927 Lemaitre considered the implications of Slipher's redshifts for theoretical 
models of the cosmos (lLemaitrelll927h . His key insight was that the redshifts represent 



^The story is told in detail in lNussbaumer & Bieril(l2009h . 
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Figure 2. Coordinate systems of de Sitter (left) and Lemaitre (right). The two 
mo dels propose differen t cause s for Slipher's redshifts. For a detailed description 
see lNussbaumer & Bieril (|2009|) . 



a change in the metric of the universe between the moment when the hght was emitted 
and when it was observed. Expressed in more familiar words: redshifts are due to the 
expansion of the universe. 

In 1927 Lemaitre writes the line element as ds^ = -R{t)^d(T^ + df', where cr 
denotes the spatial volume element and R{t) stands for the radius of curvature of the 
3-dimensional space. From this relation, he derives a relationship between wavelength 
shifts and distances. For relatively small distances, r «c /?, he obtains v - H ■ r, where 
H is positive for an expanding, negative for a contracting, and zero for a static universe. 
From Slipher's redshifts, Lemaitre concluded that we live in an expanding universe^ 

Noting that the verification of a linear relation between distance and redshift from 
observation was not possible from available data due to large uncertainties in the dis- 
tances, Lemaitre concluded that a future verification was the observer's task. However, 
he calculated the coefficient H, by taking mean values for v and r from the data of 
Slipher and Hubble respectively. Giving equal weight to all observations, he obtained 
H =575 km s"' Mpc~'. Giving less weight to more distant nebulae resulted in H -625 
km s~^ Mpc~'. As mentioned before, two years later Hubble used practically the same 
data, an d after havin g toyed with different data selections, he opted for H =500 km s~' 
Mpc-i (iHubbldl 19291) . Thus the results of the two authors compare favorably with each 
other. Lemaitre's derivati on of the numeric al value of H was omitted in the 1931 trans- 
latio n of his 192 7 paper (ILemaitrel 1 1 9 3 1 al) . The omission is due to Lemaitre himself 
(see lLivioll20"TTh . 

Lemaitre gave the references for the observational data which entered his calcula- 
tion of H, however, he did not publish a plot. This was d one much later by Duerbeck 
and Seitter, as shown in Fig. 3 dPuerbeck & Seittedl2000h . 

Thus, Slipher's redshifts enter twice in the history of cosmology. They clearly 
favored the model of de Sitter over that of Einstein during the early 1920s, and when 
Lemaitre derived a dynamic model in 1927, they suggested a universe neither static nor 
shrinking but expanding. 



^Note that he did not cite Shpher directly, but obtained the data indirectly from lStrombergI (Il925h . 
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Figure 3. Lemaitre's velocity-distance relation. Individual errors in these points 
are small for velocities but very large for distances. Lemaltre did not publish this 
diagram, but used the data points shown. The graph has been reconstructed by 
iDuerbeck & Seitter, (.2000,) . 



5. The dynamic models of Friedman and Lemaitre 

In 1917, Einstein and de Sitter attempted to describe a static universe. But in 1922, 
Friedman showed that Einstein's fundamental equations also allow dynamic solutions. 
Einstein took note of Friedman's publication, but brushed it aside as physically irrele- 
vant. It was only when Lemaitre, having spotted de Sitter's violation of the principle of 
homogeneity of the universe, found dynamic solutions of Einstein's fundamental equa- 
tions and combined them with Slipher's redshifts that the dynamic universe emerged 
from the mathematical possibility into physical reality. On whom should we bestow the 
credit for the discovery of the expanding universe? 

Friedman's publications of 1922 and 1924 showed the author's deep insight into 
the cosmological aspects of Einstein's theory of general relativity. In addition to the 
static models advocated in 1917 by Einstein and de Sitter, Friedman gave the mathe- 
matical solutions for a dynamic universe, expanding, contracting or periodic. He also 
showed that solutions existed not only for positive but also for negative curvature, and 
that the universe might be finite or infinite. Alas, his publications were ignored by 
the rest of the scientific community, except for Einstein, who admitted that Friedman's 
solutions were mathematically correct (after having refused them initially as mathe- 
matically incorrect), but doubted they were physically significant. Had Einstein been 
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more receptive, the discovery of an expanding universe could have occurred many years 
earlier. 

When we talk about what Friedman did, we also have to mention what he did not 
do. Friedman did not suggest in what kind of universe we were living: was it static as 
suggested by Einstein and de Sitter, or was it contracting, forever expanding, or perhaps 
even oscillating? Friedman did not try to find a link to existing observations in spite of 
de Sitter's prediction of wavelength shifts in his 1917 paper. For this reason Friedman 
does not qualify as the discoverer of the expanding universe. This is not to imply that 
he was not interested in the practical application of his mathematical findings. He lived 
under the very difficult post-revolutionary circumstances of the Soviet Union which was 
deliberately isolated by the Western powers. When Friedman published his first article, 
access to new astronomical observations had only just begun to flow again. Thus it 
may be considered a historical injustice that Western ignorance of his ground-breaking 
mathematical work and his untimely death in September 1925 prevented Friedman from 
participating actively in seeking the kind of world we are living in, an undertaking only 
possible by combining theory and observations. 

When Lemaitre restarted his cosmological investigation in 1927, he had a clear 
aim. As mentioned above, he had already made the bold step of adopting the possibil- 
ity of a dynamic universe in 1925, unaware of the earlier work of Friedman. In 1927 
Lemaitre was concerned with the enigma of Slipher's redshifts. His theoretical deriva- 
tion of the linear velocity-distance relationship, v - H ■ r, suggested to him that the 
spectra of the spiral nebulae held the answer to the question whether we live in a static, 
contracting or expanding universe. Thus the title of Lemaitre's publication of 1927, 
which translated from the original French is: "A homogeneous universe of constant 
mass and growing radius, which accounts for the radial velocity of the extragalactic 
nebulae ". Lemaitre sent a copy to Eddington, who, however, did not realize at the time 
that he had in his hands the solution to a problem which had preoccupied him for many 
years. He had also shown it to Einstein, who qualified it as "physically abominable." 

Eddington and de Sitter, as well as the rest of the astronomical community only 
took note of Lemaitre's work at the beginning of 1930 after having heard about Hub- 
ble's observational finding of a linear velocity-distance relationship, but they immedi- 
ately welcomed it as the solution to the long-standing cosmological problem of Slipher's 
redshifts and de Sitter's incomprehensible model. As mentioned before, if the theoreti- 
cal physicists and the astronomical community had realized the potential of Friedman's 
work, it all might have happened before, but it didn't. And history talks about what hap- 
pened and not what might have happened; thus credit for the discovery of the expanding 
universe goes to Lemaitie. 

How did the expansion start? When Eddington showed that Einstein's static uni- 
verse was unstable, he suggest ed that such a ps eudo-static universe might have been the 
original status of the universe (|Eddington"l930). This opinion was shared by Lemaitre. 
However, both met difficulties when trying to explain how such an equilibrium slid into 
expansion^ 

Inspired by the process of radioactivity, Lemaitre in 1931 replaced the mathemat- 
ical singularity at time zero by a primeval atom containing all the matter of the uni- 
verse. This highly unstable atom would then decay by a process of super-radioactivity. 



'There was a lively debate on this point in the Monthly Notices of 1 930 and 1931, see lNussbaumer & Bieril 
(200lp.l65). 



12 



Nussbaumer 



This suggestion, published in Nature, marks the precursor of today's big bang model 
( Lemaitrg 1 1 93 lb") . On philosophical grounds Eddington was not happy with the idea, 
but they both agreed that the cosmological constant. A, was a fundamental force in na- 
ture, and that the history of expansion was primarily determined by the strength of A 
relative to the gravitational force. Lemaitre's equations were well tailored to deal with 
that process. The work of Friedman did not enter this cosmological discussion, as the 
motive for introducing the big bang was not mathematical but physical. Thus, Lemaitre 
did not need to borrow anything from Friedman that was not already contained in his 
own 1925 and 1927 papers. In addition, in November 1933 Lemaitre presented a con- 
tribution "Evolution of the expanding universe" to the National Academy of Sciences, 
where he associated A with vacuum energy, in agreement with today's interpretation 
(lLemaitre.1934) . 

In 1932, Einstein and de Sitter publi shed a model of the expan ding universe that 
did not contain a cosmological constant (lEinstein & de Sitte3 ll932): this became the 
standard model for many years. They wrote: "Dr. Heckmann has pointed out that 
the non-static solutions of the field equations of the general theory of relativity with 
constant density do not necessarily imply a positive curvature of three-dimensional 
space, but that this curvature may also be negative or zero." Heckmann's publication 
did not refer to Friedman. However, it discussed solutions which are already implicit 
in Friedman's work. Whether Heckmann profited from Friedman without referring to 
him, we do not know. Thus, it may be that Friedman had a direct influence on the 
Einstein-de Sitter model. However, this model also follows from Lemaitre's solution, 
if one choses A^O, and if the particle density corresponds to the critical density, which 
was assumed by Einstein and de Sitter. As we now know, this assumption is definitely 
not fulfilled. 

Einstein thought highly of Friedman. He implicitly tells us his reason in his 1931 
paper, where he converted to the expanding universe (translated from German): ''Sev- 
eral investigators have tried to cope with the new facts by using a spherical space 
whose radius, P, is variable i n time. The firs t who, uninfluenced by observations, tried 
this way was A. Friedman" tei nsteinlll931 ). Einstein admired Friedman for having 
found dynamical solutions without being directed by observations. He could probably 
have kicked himself for not having spotted these solutions himself, and he may have 
felt guilty for having pushed aside Friedman in such a high-handed way. 

The contrast between Friedman and Lemaitre may be seen in the titl es of their 
main publications. Friedman's titles were "On the curvature of Space" (jFriedman 
(1922) and "Abo ut the pos sibility of a wor ld of constant negative curvature of space" 
(IFriedmanil 1924 ). whereas Lemaitrel ( 19271) published about "A homogeneous universe 
of constant mass and growing radius accounting for the radial velocities of the extra- 
galactic nebulae." The two scientists obviously had quite different priorities. It makes 
httle sense to blame either of them for not having added to his work what the other had 
done. 

Friedman's work showed a fundamental insight into the cosmological content of 
Einstein's fundamental equations. It is recognized that he gave all the cosmologically 
relevant mathematical solutions of Einstein's fundamental equations, including the pos- 
sibility of a dynamical expanding, shrinking or periodic universe. Once Lemaitre be- 
came aware of Friedman's work late in 1927, he always acknowledged that Friedman 
was th e first to find the mathematical solution of an expanding universe (e.g. Lemaitrg 



1931ah . Friedman's work has also been fully acknowledged by the scientific commu- 
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nity; however, it would be a historical distortion to build him up as the discoverer of the 
expanding universe. Friedman never debated why, of all his mathematical solutions, the 
expanding universe should be the one in which we live; this was done by Lemaitre. A 
further di scussion of these points can be found in the book Discovering the expanding 
universe dNussbaumer & Bierill2009l) . 



Acknowledgments. I am grateful to Michael Way and an anonymous referee for 
very constructive suggestions. 
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